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Interactions of the sodium ion with tetrahydrofuran (TKF), 
1,2-dimethoxyethane (DME), triethylamine (TEA), benzene, and toluene 
in solutions of cyclohexane have been studied by a conductance method 
at sodium tetra-n-butylaluminate [NaAl(n-butyl)4] concentrations 
ranging between 0 .0 5 and 0.46 M.
The solubility of NaAl(n-butyl)4 in cyclohexane, a non­
interacting solvent, provides a unique and important system for the 
study of ion-solvent interactions. Since most conventional solvents 
are basic, a small cation is essential for studies of this type. The 
addition of controlled amounts of coordinating solvent to a solution 
containing the sodium ion in a non-coordinating solvent permits the 
observation of a specific ion-solvent interaction.
Equivalent conductance, viscosity, and density determina­
tions at 25° C are reported for solutions of NaAl(n-butyl)4 at 
various concentrations in the mixed solvents cyclohexane-THF, cyclo­
hexane -DME, cyclohexane-benzene, and cyclohexane-toluene, and in 
the pure solvents THF, DME, toluene, and cyclohexane. The equivalent 
conductance in the mixed systems is reported as a function of the 
mole ratio base:salt. This conductance data with the results ob­
tained from NMR studies is interpreted in terms of the occurrence of 
specific ion-solvent interactions. Qualitative interpretation of 
the viscosity data supports the conclusions observed by means of the 
conductance studies.
vi
Ion-solvent interactions are not observed between the 
sodium ion and benzene or toluene. Formation of a strong 1:1 com­
plex with THF and a very weak complex with TEA is observed. A 
stable 0.5:1 complex with DME is indicated.
The conductance curves of the NaAl(n-butyl)4 -THF-cyclo- 
hexane system for low salt concentrations are interpreted to show 
the possibility of distinguishing between a specific ion-solvent 
effect and a solvent dielectric constant effect.
vii
I. INTRODUCTION
Solvent dielectric constant has generally been considered 
the most important solvent property affecting the nature of ions in 
solution. This concept was developed primarily by Fuoss, Kraus, and 
their students. Their early studies concerned the effect of dielec­
tric constant on the conductance of solutions of tetraisoamylaimnonium 
nitrate in dioxane-water mixtures.1»2 By changing the relative 
amounts of dioxane and water, they were able to vary the solvent di­
electric constant from 2.2 for pure dioxane to 78 for pure water at 
25° C. For a constant concentration of salt, they noted a large and 
continuous decrease in conductance as the dielectric constant of the 
solvent was lowered. This decrease in conductance was attributed to 
greater ion association caused by the low dielectric constant of the 
solvent. As the dielectric constant of the solvent is decreased, new 
types of interaction products appear. Following the original pro­
posals for ion association by Bjerrum, structures such as ion pairs, 
triple ions, and neutral ion aggregates of various types were pro­
posed to explain the conductance data for solutions in solvents of 
low dielectric constant.
Benzene has been one of the most commonly used solvents of 
low dielectric constant. Conductance data3 from 10"6 N to 1 N, cryo- 
scopic data4 from 10"3 m to 0.75 n»» and molecular polarization values5 
for concentrations above 10"s N have been determined for benzene 
solutions of compounds of the type R^N^X- where R is a large alkyl
1
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group such as isoamyl and X is a picrate, nitrate, or thiocyanate 
anion. A critical review of this work from dilute solutions to the 
fused salt is contained in a paper published by Kraus.6
While solvents of intermediate and high dielectric constant 
have been and are widely used in many types of investigations, those 
of low dielectric constant (<10) have been relatively neglected.
The limited solubility of ionic species in non-polar solvents has 
contributed to this lack of study. However, at the same time, there 
are advantages to using low dielectric constant solvents. Problems 
of recent interest in such solvents are: (l) the identification of
specific ion-solvent interactions; (2) the establishment of the 
structure and the properties of the ionic species existing in solu­
tion; and (3) the development of theory.
The importance of dielectric constant on ion association 
and ionic conductance has been recognized since the early work of 
Fuoss and Kraus. With increasing frequency, however, specific ion- 
solvent interactions are being cited as significant and possibly 
more important than the solvent dielectric constant. Until recently, 
extensive knowledge of the behavior of positive ions in low dielec­
tric media has been limited to the relatively large and probably 
unsolvated or weakly solvated tetraalkylammonium ions. Experiments 
concerning specific ion-solvent effects have been primarily studies 
of solvent interaction with anions. Studies with salts having small 
cations were not reported until about five years ago. The presence
of a small cation Is particularly Important in the determination of 
ion-solvent interactions because of the basic nature of most conven­
tional solvents. In 1958* Kraus summarized what little information 
that was known of the conductance properties of some cations in 
various solvents and the interpretation of this experimental data in 
terms of specific ion-solvent interactions.7
While the theory of ion association was approached from a 
macroscopic viewpoint in terms of the bulk properties of the system 
by Fuoss, Gilkerson6 attacked the problem from a microscopic point 
of view. He developed an equation for the dissociation constant for 
an ion pair containing three adjustable parameters: (l) the distance
of closest approach of the ions; (2) the difference in the solva­
tion energies of the ions and the ion pair; and (5) a function of 
the free volume available to the ions and the ion pair. The latter 
two parameters were used to account for specific solvent effects 
other than that attributed to the solvent dielectric constant.
Cation-ligand association constants have been evaluated 
from conductance data and interpreted as a measure of ion-solvent 
interaction.8 Comparing this technique with others used to investi­
gate ion-solvent interactions, it was concluded that cation-solvent 
(ligand) interaction in solvents of low dielectric constant depends 
on the dipole moment and the basic character of the ligand and not 
on the dielectric constant of the bulk solvent. The interaction of 
pyridine and tri-n-butylamine with the tri-n-butylammonium cation
4
and of triphenylphosphlne oxide and di-n-butylphosphine oxide with 
the methyltri-n-butylammonium cation in solutions of o-dichloro- 
benzene, chlorobenzene, and tetrahydrofuran (THF) were among the 
systems studied. 10" 13
Although the early studies of ion pairs were primarily by 
conductance measurements, they have been extensively studied in re­
cent years by spectroscopic and kinetic techniques. The use of 
kinetic studies gave added significance to the concept of ion pairs 
when Winstein13 explained the kinetics of some solvolytic processes 
by proposing the existence of two types of ion pairs - a contact ion 
pair and a solvent separated ion pair. These were first observed by 
Hogen-Esch and Smid in 196 6 ,14 The existence of solvent separated 
ion pairs and contact ion pairs and the study of their properties 
have shown that specific solvent effects other than that due to the 
solvent dielectric constant do occur. The concepts of ion pairs and 
ion aggregates is the topic of a review paper by Szwarc. 15 A later 
publication outlines the limitations and the generalization of the 
concept of contact and solvent separated ion pairs. 16
Spectroscopic and conductance measurements demonstrating 
the formation of both contact and solvent separated ion pairs by 
alkali metal fluorenyl salts in various solvents of low dielectric 
constant have been presented by Hogen-Esch and Smid. 1 4 *17 The rela­
tive amounts of each type of ion pair depend on the cation size, the 
temperature and the basicity of the solvent. The fraction of solvent
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separated ion pairs formed decreases with increasing ion size from 
Li to Cs, increases with decreasing temperature, and increases with 
increasing solvent basicity. Molecules with more than one coordina­
tion site are more effective in facilitating the formation of solvent 
separated ion pairs partly as a result of a smaller entropy loss. In 
the solvation of these cations, the main factor is the solvating 
power of the solvent rather than the solvent dielectric constant.
Coordination of solvent molecules with the cation of an 
ion pair is reflected by NMR spectra. The probable existence of 
lithium perchlorate and sodium perchlorate as solvated contact ion 
pairs and of lithium tetraphenylborate and sodium tetraphenylborate 
as solvent separated ion pairs in THF has been reported.18 Specific 
solvation effects by various polyglycol dimethyl ethers on fluorenyl- 
lithium solvent separated ion pairs in THF have also been investi­
gated.19 Nuclear magnetic resonance has been used to detect specific 
solvation effects in mixed solvent systems containing one strongly 
solvating component such as diethyl ether or THF and an essentially 
non-interacting solvent such as hexane or cyclohexane. The solva­
tion of the dimer of butyl lithium by diethyl ether in hexane90 and 
of sodium tetra-n-butylaluminate [NaAl(n-butyl)4] by THF in cyclo­
hexane21 have been studied.
Kinetic studies have been employed to study the degree of 
aggregation and the type of ionic species present in solution. 
Anionic polymerizations of the sodium and cesium salts of living
6
polystyrene in etheral solvents have been used for this type of work. 
In some instances the reactivity of the solvent separated ion pair 
may approach that of the free ion. 1 4 ’22 The presence of ion aggre­
gates of solvent separated ion pairs was shown by a study of the re­
activities in proton abstraction reactions of the fluorenyl salts of 
Li, Na, and Cs in dioxane, 1,2-dimethoxyethane (DME), and THF. 23 
Kinetic measurements have led to the evaluation of an average aggre­
gation number for fluorenyllithium of 5 in DME and THF.
Using the coordinating agent as a probe to reveal the 
structure of the original ion pair in a given solvent has been pro­
posed. 24 Heats and entropies of coordination derived from conduc­
tance measurements on solutions of sodium biphenyl in THF upon the 
addition of Glyme 5 (CH3OCH2CH2OCH2CH2OCH3) and Glyme 1+ (CH3OCH2CH2- 
0CH2CH20CH2CH20CH3) gave evidence of isomerism due to different 
locations of the coordinating agent in the ion pair. The ion pairs 
of sodium biphenyl coordinated with Glyme 5 are of the contact type 
indicating the attachment of the ligand to the periphery of the pair. 
With Glyme 4 a solvent separated ion pair and a solvated contact ion 
pair are formed.
One of the new techniques applied to the study of ion 
pairs in solutions of alkali metal salts in solvents of low di~ 
electric constant is electron spin resonance. 25"30 Ion pairs of Li, 
Na, K, and Cs naphthalenides in solutions of THF and DME are typical 
of the systems which have been studied. The spectral data was
interpreted in terms of contact and solvent separated ion pairs with 
the associated equilibria. The interpretation of these results 
agrees with that given by Hogen-Esch, Smid, Szwarc, and their co­
workers for the alkali metal fluorenyl and similar salts in these 
solvents. The structural and kinetic information which can be ob- 
tained from ESR spectra has been summarized by Symons. 31
In I96U, Day, Barnes, and Cox reported some conductance 
properties of sodium tetraethylaluminate (NaAlEt4) in toluene and 
diethyl ether. 32 Since 1962 this research group has engaged in 
studies of systems containing sodium tetraalkylaluminate salts in 
low dielectric etheral, saturated hydrocarbon, and mixed solvent 
systems with the objective of studying ion-solvent interactions.
The conductance of compounds of this type in low dielectric constant 
solvents has been found to be of the same magnitude as that of the 
tetraalkylammonium salts in dioxane solutions. 1
Most of the research in this field has been conducted with 
solvents showing significant ion-dipole interactions. Exceptions 
have included the studies of the alkali metal picrates and substi­
tuted ammonium thiocyanates in benzene. 6 *33 An ideal system for 
studies of ion-solvent interaction is one in which the ions can be 
considered to be dispersed in a non-solvating medium. The closest 
approach to such a system is one in which the only ion-solvent inter 
action is of the ion-induced dipole type. Solutions of sodium tetra 
alkylaluminates in saturated hydrocarbons fulfill this criterion.
8
The salts used most extensively by this research group have been 
NaAlEt^ and NaAl(n-butyl)4 . Studies with NaAl(i^butyl)4 were com­
plicated by the decomposition of the salt at the melting point, which 
Is about 28° C.
The small size of the Na Ion makes this system unique and 
important. Since most conventional solvents are basic, a small ca­
tion is essential for a study of ion-solvent interactions. Addi­
tionally, it is necessary to control the concentration of the coor­
dinating group in order to observe a specific interaction. This 
requires that the coordinating solvent be added to a solution con- 
taining the Na ion in a non-coordinating solvent. Conventional 
salts containing small cations are not soluble to an appreciable 
extent in these solvents. Thus, the solubility of the sodium tetra- 
alkylaluminates in saturated hydrocarbon solvents creates an especially 
favorable system for the observation of specific ion-solvent effects.
Conductance measurements of NaAlEt^ in several solvents of 
low dielectric constant were determined by Trigg.34 Pyridine, DME,
THF, diethyl ether, and cyclohexane-DME mixtures were among the sol­
vents used. He observed a plateau in the conductance curves which he 
attributed to the formation of a single triple ion of the type H— h 
or -+-. The results of these studies as well as the NMR data of 
Schaschel and Day21 showed no significant interaction occurs between 
cyclohexane and the sodium tetraaIky1aluminate salt.
The first conductance study in a saturated hydrocarbon sol­
vent was made by Sanders.35 He attempted to study the effect of
f
viscosity on conductance by designing an experimental system main­
taining the same interaction between the components of the solvent 
and the electrolyte upon varying the viscosity. The conductance of 
NaAl(n-butyl)4 In cyclohexane-nujol mixtures was determined, while 
the viscosity was altered by changing the relative amounts of the 
two solvents. Both of these solvents, being saturated hydrocarbons, 
were assumed to have nearly the same interaction with the electro­
lyte because of their similar dielectric constants.
As a result of some studies concerned with specific ion- 
solvent effects, it seems that in some instances these effects can 
be more significant than that of the solvent dielectric constant. 
However, separation of the effects of these two factors on an ionic 
system has not been possible. Consequently, an Independent correla­
tion of these effects with changes in conductance or reaction rates 
observed in changing from solvent to solvent has not been made. The 
effect of each of these factors is important because of the large 
difference in many of the bulk properties of various solvents.
One of the major purposes of this research program is to 
accomplish a separation of these two effects. The solubility of 
NaAl(n-butyl)4 in cyclohexane, a solvent in which no significant 
electrolyte-solvent interaction occurs, offers a means of determining 
the specific effect of ion-solvent interaction with the Ha ion and 
an added interacting solvent. From HMR studies the knowledge of the 
nature of the complex between the Na+ ion and THF permits the
10
interpretation of the conductance curves at moderate concentrations 
(0.051TT*0,20$b M) of NaAl(n-butyl)4 in cyclohexane solutions with 
controlled amounts of THF added. Distinguishing between a specific 
ion-solvent effect and a solvent dielectric constant effect appears 
possible. Studies of the same system at higher salt concentrations 
show the possibility of a different conductance mechanism. Finally, 
the viscosities of the solutions in these systems can be used to 
interpret qualitatively the behavior of the conducting species.
Studies and interpretation of the conductance and viscosity 
data for NaAl(n-butyl)4 solutions in cyclohexane with controlled 
amounts of added DME may suggest possible types of ion aggregates 
and equilibria which might also occur in the NaAl(n-butyl)4 -THF- 
cyclohexane system. Similarities in the bulk properties of DME and 
THF (dielectric constant, viscosity, etc.) lead to this expectation 
with differences between the two systems being ascribed to the greater 
solvating power of DME, a bidentate coordinating agent. These facts 
have been demonstrated by some of the studies of the properties of 
ion aggregates in solutions of these solvents. 33
The use of triethylamine as a coordinating agent in NaAl- 
(n-butyl)4 solutions in cyclohexane, in contrast to the oxygen con­
taining ethers, shows the formation of a very weak complex with the 
+Ha ion. This information supports the conclusions reached from 
previous HMR studies. 21 The conductance results of this system sup­
port the major conclusion of the NaAl(n-butyl)4 -THF-cyclohexane
11
studies that a specific ion-solvent effect independent of the solvent 
dielectric constant is being observed.
Benzene was tested as a potential coordinating agent for 
the Na* ion in solutions of NaAl(n-butyl)4 in cyclohexane to deter­
mine the extent of Interaction between the TT cloud of the benzene 
molecule and the Na+ ion. Subsequent information indicating the 
probable replacement of the alkyl group in the Al(n-butyl)4” ion by 
a phenyl group suggested the use of toluene. The interpretation of 
the conductance data for the NaAl(r-butyl)4-benzene-cyclohexane and 
the NaAl(n-butyl)4-toluene-cyclohexane systems is supported by NMR 
measurements ,3r7'
A secondary result of these studies indicates the feasibi­
lity of a detailed conductance study of cyclohexane solutions of 
NaAl(n-butyl)4 from very dilute solutions to that of the fused salt.
Current research studies clearly show that with the develop­
ment of new instruments, methods, and theory, no single technique is 
powerful enough to give an unambiguous description of the interac­
tions of ionic particles with each other and with the solvent in 
solvents of low dielectric constant. Conductance, although developed 
and refined many years ago, is still widely used in addition to more 
recently developed methods as evidenced by recent reviews of this 
research area.38-42 The research reported here has made use of the 
conductance property as a technique of investigating ion-solvent 
interactions in low dielectric media; but, the interpretation of the
12
results depends on data collected by other methods. The results of 
these studies provide a foundation for future studies and suggest a 
more complete and extensive Investigation of the systems used.
f
II. EXPERIMENTAL PROCEDURES
A. Preparation of NaAl(£-butyl)4
NaAl(n-butyl)4 was prepared by the addition of one mole of 
Al(n-butyl) 3 (193 g) to a sodium dispersion, containing an excess of 
sodium (ca. 23 g)* in 400 ml of n-heptane under a nitrogen atmos­
phere. The mixture was refluxed for 2 hours. After filtration 
through a fine fritted glass funnel within a nitrogen dry box, the 
n-heptane was removed by vacuum evaporation, leaving the salt which 
was recrystallized from n-pentane at approximately -20° C.
A yield of about 75$ was obtained after two recrystalliza­
tions from n-pentane. Analysis of pyrophoric materials is quite 
difficult and rarely satisfactory. The results of the most recent 
analyses of NaAl(n-butyl)4 are:
$ Na $ ai jo butyl
Sample 1 9.3 9*9^ 73.7
Sample 2 10 .1 9*66 71.^
Theoretical 8.3 9*71 8 2 .0
The analysis for aluminum is the only significant one for a test of 
the purity of the salt. Experimental procedures used ijor the deter­
mination of the $ Na and jo butyl are not reliable. The direction of 
the errors in these results is as expected. No report of the pre­
paration of NaAl(n-butyl) 4 has appeared in the literature. Thus, 
data do not exist for comparison with these results. Integration of 
the NMR spectrum for NaAl(n-butyl) 4 dissolved in cyclohexane to
13
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determine the relative number of protons agrees with the proposed 
formula for NaAl(n-butyl)4 ,
The melting point of NaAl(n-butyl)4 is 6^-66° C. Melting 
point tubes were filled In the nitrogen dry box, sealed with paraffin 
wax, and removed in a closed glass vial. A Hoover-Thomas melting 
point apparatus was used to determine melting points.
B. Solvents
All solvents used were purchased as reagent or higher grade 
chemicals. Ethers were refluxed for 12 hours over lithium aluminum 
hydride or calcium hydride. Cyclohexane, toluene, and benzene were 
refluxed for similar periods over sodium-potassium alloy.
The solvents were distilled under dry nitrogen from a 
heated 5-foot hy 1-inch pyrex column packed with glass helices. A 
magnetic operated proportional take-off head was set at 80$ return 
to the column. Distillate was removed from the still through a 
number 18 ball joint. Flasks of various sizes, fitted with two 
Teflon stopcocks and an inner 3 2k/k0 joint with glass cap, were 
used to collect and store the solvents over sodium chips. Only the 
middle one-third fraction of the distillate was collected for use. 
Ethers were used within a period of two to three days after distil­
lation. The other solvents were usually used within similar time 
periods.
C. Solutions
Standard solutions of NaAl(n-butyl)4 were prepared by dis­
solving the fused salt in the bulk solvent and diluting to volume at 
room temperature. Aliquot portions of the standard solution were 
withdrawn by use of a syringe and added to a series of 100 ml volu­
metric flasks fitted with outer caps to eliminate contamination of 
the solutions by glass joint lubricant. These flasks were kept 
sealed until needed for the preparation of the solutions for experi­
mental measurements. Coordinating agents were added by weight to 
the 100 ml flasks, and the solutions were diluted with the bulk sol­
vent. Final dilution was made at 25° C in a constant temperature 
bath by means of a closed dilution apparatus fitted to the flask. A 
Mettler type P-120 balance within the nitrogen dry box was used for 
these weighings.
D. Density and Viscosity
Densities of the solvents and the solutions were determined 
by the use of pycnometers calibrated with distilled water.
Viscosities were obtained by using Cannon-Fenske routine 
viscometers, size 75» calibrated by the Cannon Instrument Company. 
Each arm of the viscometer was fitted with 4 mm Teflon stopcocks and 
number 12 socket joints so that the instrument could be filled in 
the nitrogen dry box, removed to a constant temperature bath, and 
connected to a viscometer control apparatus33 supplied by a dry
nitrogen source. This control apparatus was designed so nitrogen 
could flow through either arm of the viscometer or be vented to the 
atmosphere to provide a closed system. This system permits the free 
flow of the liquid sample in the viscometer under a dry nitrogen 
atmosphere while equal pressures are maintained on the surface of 
the liquid in each arm of the instrument. Nitrogen pressure was 
used to raise the liquid above the meniscus mark of the viscometer. 
Flow times were measured by an electrically operated timer, manu­
factured by the Precision Scientific Company, accurate to ±0.1 se­
cond. This corresponds to approximately ±0.1^ accuracy for the 
normal flow times obtained. To obtain accurate charges, the visco­
meters were filled by use of a syringe.
Density and viscosity measurements were determined at 
25.00° C, ±0.05° C, in a Sargent Company Model 84810 thermostatically 
controlled constant temperature bath with thermonitor control. The 
constant temperature bath was filled with white mineral oil.
E. Conductance
Conductance cells were of the standard design containing 
shiny platinum electrodes. These cells were fitted with outer glass 
caps to prevent contamination of the solution by Joint lubricant and 
contained volume capacities from 25 ml to 80 ml. Cell constants 
were determined by the use of potassium chloride solutions according 
to the method of Lind. Zwolenlk, and Fuoss. 43 These cell constants 
were between 0 .0 1 2 0 1 cm*1 and 1.441 cm*1. Insignificant changes in 
cell constants occurred over a period of one year.
IT
The pure solvents used were found to have negligible con­
ductances .
Conductance measurements were made by a Leeds and Northrup 
Model k666 Jones Modified Conductance Bridge or by a RC-l6 Conduc­
tance Bridge manufactured by Industrial Instruments, Inc. A Hewlett- 
Packard Model 200 D audio oscillator and a General Radio Company 
Type 1232 A tuned amplifier and null detector were used in conjunc­
tion with the Leeds and Northrup instrument. The oscillator was 
operated at 3000 cycles/second and had an output to the bridge of 
0.3 volts. Appropriate cells for each solution were selected so that 
the measured resistances were within the limits of the Jones bridge 
when possible. The lowest concentration measurable with the Jones 
bridge is determined by the smallest cell constant available and the 
30,000 ohm resistance limit. The upper limit of the RC-16 Conduc­
tance Bridge is 2*3 meg ohms.
F. Glassware
Volumetric glassware was thoroughly cleaned with concen­
trated hydrochloric acid, rinsed with distilled water three times, 
rinsed with acetone three times, and dried overnight in a 180° C 
oven. It was. then allowed to cool in the evacuated port of the 
nitrogen dry box. Cells were treated in a similar manner only 
between successive series of experiments. After rinsing with acetone, 
they were filled with the bulk non-aqueous solvent being used, allowed
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to stand for several hours, dried in air, then dried in the oven 
overnight. Between measurements for any one series of experiments, 
the conductance cells and viscometers were cleaned inside the nitro­
gen dry box with the bulk solvent by rinsing at least three times.
These instruments were then filled with this solvent and allowed to 
stand until use. Before being used, they were emptied and allowed 
to dry in the nitrogen atmosphere of the dry box.
G. Treatment of Data
Resistance variations were found to follow trends similar 
to those observed by Trigg.32 Therefore, the resistance of a given 
solution was determined at one hour intervals for a period of 6-8 
hours after the temperature of the solution had reached 25° C. This 
was usually assumed to be approximately two hours after placement of 
the cell in the constant temperature bath. If necessary, Trigg's 
method of extrapolation back to the time of mixing was used to deter­
mine a resistance value. Resistances of pure ether solutions were 
found to vary more widely than those of solutions containing large 
quantities of cyclohexane.
Points in each conductance curve were determined randomly. 
Where possible, different cells were used in a given mole ratio 
range. This procedure results in the measurement of the properties 
of the solutions in a given series over a period of lJf-5 days. Where 
the equivalent conductance, density, and viscosity values of a solu­
tion did not follow the trend shown in the series, the data was rejected.
III. DISCUSSION OF RESULTS
Equivalent conductance, density, and viscosity data at 
25° C for several concentrations of NaAl(n-butyl)4 in cyclohexane 
containing varying amounts of THF, DME, benzene, toluene, and tri- 
ethylamine are given in Tables 2, 4, 6 , T» and 8 . Tables 1, 3» and 
5 contain similar data for solutions of NaAl(n-butyl)4 in the pure 
solvents cyclohexane, THF, and DME. Some physical properties of the 
solvents and of the added coordinating agents are presented in Table 
9. Figures 1-10 present the data contained in Tables 1, 2, ht 6 , 7* 
and 8 .
A. Conductance of Cyclohexane Solutions of NaAl(n-butyl) 4 and NaAlEt*
Comparing the conductance properties of NaAl(n-butyl)4 with 
those of NaAlEt4 determined by Trigg34 in the same solvents gives 
support to the general assumption that complexation occurs only 
through the cation in these systems. The equivalent conductances of 
solutions of NaAlEt* and NaAl(n-butyl)4 in THF are respectively 
16.98 cm2 ohm" 1 eq"1 at a concentration of 0 .0 2 7 0 3 M and 19 .0 2 cm2 
ohm"1 eq"1 at a concentration of 0.05316 M. For DME solutions of 
these salts, the equivalent conductance range is 1 8.0 1-2 1 .5 8 cm2 
ohm-1 eq" 1 for NaAlEt4 solutions at concentrations of 0.06253“0*^66 M 
and 18.17-23.99 c®2 ohm"1 eq"1 for NaAl(n-butyl)4 solutions at con­
centrations of 0.05177-0.2017 M. While the data presented is sparse, 
it tends to demonstrate that conductance in similar solutions of
19
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NaAlEt* and NaAl(n-butyl)4 la due to the same species of complexed 
Na+ ion.
B. Degree of Aggregation
Interpretation of the conductance data presented in Figures 
1-10 depends to some extent on the state of aggregation of NaAl- 
(n-butyl)4 in cyclohexane. Attempts to determine the degree of aggre­
gation of this salt in cyclohexane by vapor pressure osmometry and 
freezing point depression measurements have been inconclusive. Pre­
liminary indications show that NaAl(n-butyl)4 may exist as a dimer 
or trimer in the concentration range used in these studies.44
Solutions of salts in solvents of low dielectric constant 
are generally considered to be only slightly dissociated into free 
ions even at the lowest concentrations at which reliable measurements 
can be made. Fuoss and Kraus propose that an equilibrium exists be­
tween free ions and ion pairs of tetraalkylammonium salts dissolved 
in benzene at concentrations below the conductance minimum which 
occurs at concentrations of the order of 10"5 M for these solutions. 
At higher concentrations they propose that higher aggregates occur.45
Few studies in solvents of low dielectric constant have 
been made in which the cation is small. Trigg34 studied the con­
ductance of NaAlEt^ in several solvents. He explained the plateau in 
the conductance curves of NaAlEt^ in pyridine> THF, DME, and mixtures 
of DME-cyclohexane at concentrations of 0.002-0.022 M as due to the 
formation of only one type of triple ion.
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More recently studies of Ion pairs containing the Na ion 
have been made in low dielectric constant solvents by spectral, 
kinetic, conductance and ESR techniques.14*23*28 30 Generally these 
have been made at sufficiently low concentrations that triple ions 
or higher aggregates are not expected to exist. For this reason 
they are of little value In interpreting our data.
Attempts by our research group to extend conductance 
measurements of NaAl(n-butyl) 4 solutions in cyclohexane to concen­
trations less than 0.05 M have been unsuccessful. However, combina­
tion of the data presented in this research study for 0 :0 mole ratios 
of coordinating agent to NaAl(n-butyl)4 in cyclohexane with a study 
by Ahmad46 for the 0.11-1.15 M concentration range indicate it may 
be possible to obtain meaningful values at lower concentrations.
This data is presented in Table 1 and Figure 1.
At concentrations above 0.1 M the conductance curve of 
solutions of NaAl(n-butyl)4 in cyclohexane is essentially flat. This 
level portion may indicate the presence of similar conducting species 
as well as an increasing degree of ion aggregation. Below this con­
centration the conductance increase may be due to a dissociation of 
the ion aggregates into less complex conducting species. In the con­
centration range studied, an equilibrium may exist between some type 
of ion aggregate and some dissociated ionic species.
Figure 1 shows a possible trend and the need for additional 
study of this system. Because of the high resistances of the
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TABLE 1
EQUIVALENT CONDUCTANCES, DENSITIES, AND VISCOSITIES OF 
NaAlBu*-CYCLOHEXANE SOLUTIONS
Molarity 104 A Density Viscosity
eg I-1 cm2 ohm"1 eg*1 g/ml mlllipoise
0 .01*776 l* .11*6 0 .771*0 1 5 .8
0 .0 5 2 1 5 5.5i*l* 0.771*7 15.5
0.09521* 2 .7 6 9 0.7752 ll*.9
0 .1 0 5 2 2 .7 9 8 0.7759 2 5 .8
0.1125* 2 .8 5 7 0 .7807 21* .8
0.2025 2 .651* 0 .7 7 8 6 2 6 .2
0.221*9* 2.551 0 .7 8 5 0 5 2 .1
0.5571** 2 .1*80 0.7855 53.1
0 .1*218* 2 .5 0 8 0 .7 8 9 6 67.3
0.1*685 5.127 0.7855 7 0 .0
0.5825* 2 .611* 0.7956 9 1 .6
0.6657* 2 .6 9 6 0 .7 9 2 2 105
0 .71*89* 2 .6 0 6 0 .7 9 6 2 122
0 .8521* 2 .651* 0.7982 151*
1.012* . 2 .6 8 5 0 .8 0 5 2 186
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solutions, the data obtained in .his work require the use of the 
RC-16 conductance bridge and cells with low cell constants. A 
concentration-conductance study and one determining the degree of 
aggregation of NaAl(n-butyl)4 in cyclohexane extending to low con­
centrations would allow determination of the ionic species in solu­
tion as well as the association constants for ion aggregates. From 
temperature dependent conductance studies, heats of dissociation 
could be found. Cryoscopic techniques could be used to determine 
the type of particles present in these solutions. These studies 
would provide a test for the theories developed by Fuoss and Kraus 
to explain the behavior of electrolytes in low dielectric constant 
solvents. Since their studies were made with salts containing the 
large tetraalkylammonium cation, the use of the relatively small Na 
ion provides a uniquely different system. The equivalent conductance 
of NaAl(n-butyl)4 in cyclohexane is of the order of a magnitude of 
10 greater than that of the tetraalkylammonium salts in dioxane 
solutions at similar concentrations, thus demonstrating the ionic 
nature of this salt.1
C. Ion-solvent Interaction: Ha -THF
Figure 2 shows the equivalent conductance of 0.05213 M,
0.09524 M, and 0.1525 M NaAl(n-butyl)4 solutions as a function of 
the mole ratio of THF to salt using cyclohexane as a solvent.
Figures 3 And 4 show similar studies made at NaAl(n-butyl)4 concen­
trations of 0.2094 H, and 0.2654 M and 0.4683 M. A complete study
study of the system from pure cyclohexane to pure THF for 0.20<?4 M 
NaAl(n-butyl)4 solutions is presented In Figure 5* Corresponding 
equivalent conductance, density, and viscosity data are given in 
Table 2.
1. Conductance
The general form of the conductance curves for the NaAl- 
(n-butyl)4-THF-cyclohexane system at mole ratios less than 8:1 is 
similar. At approximately a ratio of 1:1 a peak occurs, followed by 
a drop, a subsequent plateau, and a sharp rise. With increasing salt 
concentration the peak and plateau regions vary as well as showing 
greater equivalent conductances. The plateau region appears to ap­
proach the value of the equivalent conductance of the 1:1 complex, 
but vanishes at high concentrations of NaAl(n-butyl)4. The inflec­
tion points observed at the THF:NaAl(n-butyl)4 mole ratios of 1:1 
and 4:1 tend to disappear at salt concentrations above 0.2654 M. The 
concentration at which this change occurs was not determined.
Solutions of 0.4683 M NaAl(n-butyl)4 in cyclohexane contain 
approximately 25$ by volume of NaAl(n-butyl)4 at 64° C, the tempera­
ture of fusion of this salt. Thus, the solution is highly concen­
trated and the conductance curve may indicate a conductance mechanism 
different from that in the less concentrated solutions. A Grotthaus 
type mechanism Involving the transfer of an ion from one aggregate to 
another might explain the conductance properties of this system.
TABLE 2
EFFECT OF THF ON THE EQUIVALENT CONDUCTANCES f
DENSITIES, AND VISCOSITIES OF NaAXBUt-CYCLOHEXANE SOLUTIONS
Ratio 103 A Density Viscosity
THF:NaAlBuA cm2 ohm”1 eq”1 g/ml mlllipoise
0 .0 0 0 .551+1+ 0.77^7 15.5
0.25 5 .5 5 0 0.771*8 11.9
0.51 ^ .5 7 8 0.771*8 10.5
0.77 7 .1 2 7 O.T751* 9.781.02 7 .62U 0.771*5 9.66
l.£7 5 .5 2 5
1.51 5 .1*15 0.771*2 9.95
1 .81 0 .9 9 7 5 0.7756 9.59
2.05 0 .6 6 7 8 0.7762
2.29 0 .5 6 9 1 O.776O 9.59
2.55 0 .5 5 6 0 0.7770 9.1*2
2.79 0 .5 2 8 7
5.01+ 0 .5 5 5 7
5.59 0 .5 5 7 5 0.7765 9.51
5-58 0 .1+970
5.79 0 .5 7 6 7 0.7758 9.59
1+.05 0 .5 8 5 7 0.7776 9.1*6
1+.28 0 .5 9 0 5 0 .7 7 6 8 9.56
i+.&r 0 .71+98 0.7771 9.55
1+.96 0 .8 1 9 5 0.7771* 9.29
5.55 1 .151 0.7785 9.51
6 .0 9 1 .0 5 2
7.H* 1 .1 7 6 O.778I+ 9 .2 6
0.09521+ M NaAlBu*
0.00 0 .2 7 6 9 0.7752 11+.9
0 .5 1 5 .1 2 6 0.7765 ll* .5
0 .7 5 12 .69 0.7767 10.8
1 .1 5 22.22 0.7775 10.6
1 .5 2 2 2 .6 0 0.7776 1 0 .5
1 .5 6 19.05 O .7778 10.1
1 .8 2 15.58 0.7781 1 0 .1
2 .0 7 7.250 0.7761+ 9 .8 2
2 .2 9 1*.675 0 .7 7 8 7 9.81+
2 .5 9 1+.1+15 0.7785 9.812.66 1*.278 0.7792
5.10 5.927.
5-1*9 I+.I65 0.7797 9.75
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Ratio 103 A Density Viscosity
THF:NaAlBuA cm2 ohm-1 eq"1 g/ml millipoise
V *V7̂  tT l*i llWllOk̂   ̂UULIU • y
3.98 5.586 0.7805 9.81
4.15 5.470 0 .7 8 0 6
4.56 7.437
4.81 8 .5 2 6 0 .7 8 1 0 9.84
5.29 9.214 0.7819 9.63
6 .5 6 16.23 0 .7 8 2 1
7.33 25.14 0.7829 9 .6 2
" "““■■•UilJcJ A rioAisÛ
0 .2 8 4.218 0.7779 22.30.49 9.960 0.7784 17.0
0 .7 6 25 .87 0.7783 14.3
1.00 6 6 .1 2 0 .7 7 8 2 11.5
1 .25 6 0 .2 2 0.7793 11.5
1 .7 6 5 6 .5 0 0 .7 8 0 6 10.6
1 .99 32 .67 0.7813 10.4
2 .3 1 3 2 .2 3 0.7818
2 .5 2 31.34 0.7832
2 .7 8 2 6 .3 6 O .7827 10.7
2 .9 9 3 1 .6 8 0.7820 10.4
3 .25 31.90 0 .7 8 3 6 10.4
3 .4 9 33.32 0.7837 10.4
3 .7 5 39.57 0.7841 10.4
4.02 6 8 .1 1
4.27 54.54 0 .7 8 6 2 10.5
4.51 49.64 0 .7 8 6 0 10.5
5.02 101.8 0.7853 10.7
5.44 107.4 0.7864 1 0 .3
5.49 136.5 O .7856 10.1
6.54 180.2 0.7843 10.3
7.30 2 5 3 .1 0.7879 10.3
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Ratio 10 A Density Viscosity
THF:NaAlBuA cma ohm-1 eq”1 s/ml millipoise
v • cvjrt n nwiiii 114 — — — — — — — — — —
0 ,0 0 0 .002911 0.7998 36.9
0.25 0.0276T 0 .7 8 0 6 33.60.49 0 .1 1 4 7 0.7792 22.7
0.74 0 .2 7 5 6 0.7814 17.71.00 0 .6 7 8 8 0.7813 14.4
1.22 1.000 0.7820
1.51 1 .527 0.7840 1 3 .2
1.75 1 .8 1 6 O .7869 12.2
1.97 1 .319 0.7841 11.4
2.22 1.215
2.49 0 .9 2 3 9 0.7855 11.2
2 .8 9 1.464 O .7888 11.2
2.99 1.255 0.7883 11.6
5.24 1.279 0.7889 11.7
5 .5 2 1.600 O .7896 11.7
5 .7 4 1.686 O .7898 11.54.01 2 .1 3 1 0.7897 11.7
^.33 2 .7 6 3 0.7903 11.9
4 .6 9 3 .6 3 0 0.7915 11.8
5 .0 1 4.055 0.7910 11.7
5 .5 7 4 .8 7 8 0.7895 11.6
6 .0 5 6 .1 0 0 0.7927 11.9
6 .5 9 5.807 0.7937 11.4
7 .0 1 8 .0 1 7 0.79^6 11.1
8 .0 5 9.657 0 .7 9 6 6 12.0
8 .7 7 15.36 0 .7 9 2 6 U.910.00 Two Phases
14.14 Two Phases
18 .01 35.10 0.8160 11.1
2 0 .0 8 ^3.97 0.8197 . 10.4
2 1 .9 8 48.49 0 .8 2 3 0 9.93
2T.28 72.63 0.8338 9 .0 6
5 0 .2 8 85.91 0.8391 8 .6 7
3^.07 106.4 0.8468 8.29
3 6 .4 3 0.8499 7.98
3 9 .0 1 133.7 O .8565 7.78
4 3 .9 4 161.3 0 .8 6 6 3 7.41
^5.75 155.9 0.8694 7.25
4 7 .0 5 O .8719 7.17
4 9 .0 6 187.7 0 .8 7 3 4 7.09
5 1 .1 9 0.8802 6 .9 0
52 .4 4 2 0 6 .6 O .8835 6 .8 2
5 3 .2 8 _ 198 .9 0.8849 6 .8 7
5^.97* 202.6 0.8877 6 .7 0
♦Pure THF Solution
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Ratio 10 A Density Viscosity
THF;NaAlBuA cm2 ohm*1 eg*1 g/ml mllllpolse
0.2654 M NaAlBu4
0 .3 2 0.05904
0 .9 2 0 .5 8 7 1
1.15 0 .9 6 2 0
i.vr 1 .1 6 3
2 .1 8 0.9376
3 .(A 1.745
3.46 2.559
4 .0 0 3 .6 8 9
4 .5 9 4.991
4 .9 6 5.863
5 .9 6 7.769
7.04 1 0 .2 2
8 .2 3 1 3 .6 8
8 .2 6 1 2 .0 3
10.86 18.54
0.2880 M NaAlBu4
0 .0 0 0.004945 O .7826 43.9
0 .3 0 0.04280
0 .4 7 0.09704 0 .7 8 3 2 18.30.88 0.3949 0.7847 16.9
1.15 0.6739
1.17 0.8041 O.7 8 6I 13.9
2.13 0.9771
2 .5 2 1.377
3.29 1.853 0.8153 .13.6
3.60 2.258
3.93 3.217 0.8049 13.94.71 5.513 0.8055
9.00 17.57 0.8184 13.8
0 .4683 M NaAlBu*
0.00 O.OO3127 0.7910 7 0 .0
0 .3 0 0 .0 5 8 9 7 0.7910 . 44.4
0.71 0.4047 0.7956 32.5
0.74 0.4511 0 .7 8 9 2 3 1 .2
1.04 1.244 0.7897 21.2
1.38 2.359 0 .7 8 8 0 18.1
1 .8 0 3.575 0.7905 16.8
2 .3 1 3.867 0 .7 9 4 0 15.9
2.95 4 .3 9 4 0 .8 1 1 7 16.5
3.41 6.174 0 .8 0 6 0 16.8
3.79 9.151 0 .8 0 7 2 1 7 .0
4.12 11 .38 0 .8 0 8 3 1 7.I
4.76 19.10 0.8147 17.7
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FIGURE 3
EQUIVALENT CONDUCTANCE OF NaAlBu, IN CTCLOHEXANE-THF MIXTURES  4
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FIGURE 4
EQUIVALENT CONDUCTANCE QP NaAlBu. IN CTCLOHEXANE-THF MIXTURES4
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Nuclear magnetic resonance studies of the complexation of 
the Na ion by THF using cyclohexane as a solvent have shown that a 
stable 1:1 complex exists with three additional molecules of THF in 
equilibrium with this complex.81 Since no significant interaction 
occurs between NaAl(n-butyl)4 and the solvent, cyclohexane, the sol* 
vent can be considered as a dispersing medium for the salt. This 
knowledge of the nature of the THF complex with the Na+ ion can be 
used to interpret the conductance curves of this system.
Ion aggregates containing solvent separated ion pairs have 
been shown to exist. This has been done for both fluorenyllithium
Xand fluorenylsodium in THF*83 Thus, THF might complex with the Na 
ion in the ion aggregate. This increase in effective cation size 
will decrease the stability of the ion aggregate. Furthermore, it 
is reasonable to conclude from measurements of the conductance of 
cyclohexane solutions of NaAl(n-butyl)4 that the principal charge 
carrier present is the Na ion. Complexation of the Na ion, re­
sulting from an equilibrium between an undissociated neutral ion ag­
gregate and its ions, could cause a shift in the position of equili­
brium toward that of the undissociated species. Therefore, the 
stable 1:1 Na ion THF complex can be formed by either of these two 
possible paths.
The stability of the 1;1 complex explains the steep rise 
in conductance from 0:0 to 1:1 mole ratios of THF:NaAl(n-butyl)4.
All free Na ion is essentially complexed at the 1:1 ratio and the
predominate equilibrium may be:
NaTHF+Al(n-butyl)4 “ NaTHF+ + Al(n-butyl)4"
After the formation of the 1:1 complex the decrease in the equivalent 
conductance can be attributed to a decrease in the mobility of the 
Na+ ion as a result of additional complexation. A rapid rise in 
conductance beginning at or just prior to the 4:1 ratio in all cases 
rises to nearly the same value as shown by the data in Table 5 . An 
equilibrium in which a relatively stable 4:1 complex is formed Is 
indicated:
NaTHF+ + 3 THF - Na*4THF+
The rise in the equivalent conductance after the 4:1 ratio would be 
expected because of the increase in solvent dielectric constant cor­
responding to the increasing amount of free THF in the bulk solvent. 
Figure 5 shows an Increase of about 300 relative to the maximum equi­
valent conductance at the 1:1 ratio.
Between 10:1 and 15:1 ratios two immiscible phases form.
At higher mole ratios homogeneous solutions are formed and conductance 
properties can again be determined. A continuous rise in equivalent 
conductance occurs due to a continuous increase in the dielectric 
constant of the solvent system and the decreasing viscosity of the 
solution upon the addition of larger amounts of THF.
2. Viscosity
The viscosity of a salt solution is a measure of the shear­
ing force required to move one layer of solution with respect to
%
TABLE 3
EFFECT OF CONCENTRATION ON THE EQUIVALENT CONDUCTANCES, 
DENSITIES, AND VISCOSITIES OF NaAlBu*-THF SOLUTIONS
Molarity A Density Viscosity
eq l"1 cm2 ohm*1 eg*1 g/ml millipoise
0 .0 5 2 1 6 1 9 .6 2 0.8847 5.20
0.09525 21.08 0.88*0 5.85
0.1145 2 1 .0 3 0.8845 5 .7 4
0.1674 21.20 0.8817 6.52
0 .2 0 2 7 18 .9 0 0 .8 8 8 0 6.68
0 .2 0 9 4 2 0 .2 6 0.8877 6 .7 0
0 .2 8 8 1 19.46 0 .8895 7 .5 6
0.3348 17.91 0.8880 12.8
0.4687 15.57 0.8941 10.7
- —  Jt
another. This shearing is resisted by intemolecular attractions in 
electrolyte solutions which are of two types; (l) short range 
solvent-solvent, ion-solvent, and solute-solute forces; and (2) 
long range Coulombic forces between ions.
The decrease in viscosity occurring up to approximately the 
1:1 THF to NaAl(n-butyl) 4 mole ratio can be attributed to the break­
up of the ion aggregates as a result of the formation of the stable 
1:1 complex. After the 1:1 complex forms, the viscosity remains re­
latively constant at low mole ratio values. Since cyclohexane is a 
non-interacting solvent, ion solvent interactions between cyclohexane 
and NaAl(n-butyl) 4 snd its ions do not exist and do not contribute to 
this shearing force. At mole ratios between 1:1 and hil the important 
contributions to the viscosity will be due to long range Coulombic 
forces between the ions. These should remain relatively constant 
until the bil complex has formed. Only upon the addition of large 
amounts of THF will the viscosity again begin to change due to a de­
crease in these long range forces caused by a further shielding of 
the Na* ion by additional layers of THF molecules. This trend is 
exhibited in the study made for the complete range of mole ratios 
from pure cyclohexane to pure THF for 0.209^ M NaAlCn-butyl)* solu­
tions.
The formation of two immiscible liquid phases at ratios 
between 10:1 and 15:1 can not be explained. Hogen-Esch and Smid14 
observed a similar phenomenon with fluorenyIsodium solutions in THF
upon the addition of dimethylsulfoxlde (DMSO). A precipitate formed 
which they attributed to a polymeric aggregate which breaks up and 
dissolves upon the addition of excess DMSO. The composition of the 
two phases in the NaAl(n-butyl)4-THF-cyclohexane system was not 
determined. Nuclear magnetic resonance studies would probably show, 
as they do for the two phases formed in the NaAl(n-butyl)4-DME-cyclo- 
hexane system, the existence of salt, THF, and cyclohexane in both 
phases with most of the salt extracted to the denser phase at the 
higher mole ratio values.
D. Ion-solvent Interaction: Na -DME
Equivalent conductances for solutions of 0,05177 M,
0.10^1 M, and 0,2017 M NaAl(n-butyl)4 in solutions of cyclohexane 
with small amounts of DME added are presented as a function of the 
mole ratio of DME to NaAl(n-butyl)4 in Figures 6 and 7« Equivalent 
conductance, density, and viscosity values for these solutions are 
contained in Table
1. Conductance
The general shape of these conductance curves follows the 
pattern established for those obtained in the THF studies. A rapid 
rise in equivalent conductance occurs upon the addition of DME, fol­
lowed by a decrease, a possible rise, formation of two Immiscible 
liquid phases, and a rise to conductance values for DME solutions 
comparable in magnitude to those of the pure THF solutions. With
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TABLE 4
EFFECT OF DME ON THE EQUIVALENT CONDUCTANCES, DENSITIES,
AND VISCOSITIES OF NaAlBu*-CYCLOHEXANE SOLUTIONS
Ratio 10a A Density Vlscoslt
DME;NaAlBu* cma ohm"1 eq*1 */ml millipoli
■•••1■11■111111
0.10 0.4692 0.7754 12.5
0.22 1 .009 0.7752 10.9
0 .3 1 1.247 0.7739 10.5o.4o 1.551 0.77^0 9*9^
0.45 1.304 0.77^8 9.98
0 .5 1 1.510 0.7724 9.40
0 .5 6 1.405 0.7742 9.71
0.60 1.480 0.7760 9.54
0.72 1.163 0.7757 9.48
0 .8 0 O .9691 0.7738 9.35
0.84 0.5843
0 .9 0 0.5600 0.77^ 9.36
O .9 6 0.4559 0.7776 9.42
1.00 0.5436 0.7749 9.42
1 .0 3 0 .6 2 2 0 0.7750 9.35
1.24 Two Phases
0.1031 M NaAlBu4
0.00 0.4605 0.7747 2 2 .7
0.10 0.7632 0 .7 7 6 0 1 6 .2
0.16 1.392 0.7779 14.1
0.20 2.234 0 .7 7 6 7 12.6
0.31 2 .6 8 2 0.7762 12.3
O .3 6 * 3.335 0.7774 11.9
0.40 3.585 0.7779 11.7
0.47 4.048 0 .7 7 6 6 11.4
0.51 4 .3 9 8 0.7755 11.3
0 .6 2 ^.507 0.7768 10.8
0.71 4.485 0.7775 10.8
0.80 4.412 0.7776 10.4
0.89 4 .1 8 7 0.7773 10.4
0.95 ^.233 0.7783 10.2
1.01 3.534 0.7797 10.4
1.10 TVo Phases
Sri
0.00 0.04624 0 .7 7 8 8 37.1
0.07 0.7312 0.7784 24.6
i*o
Ratio 102 A Density Viscosity
DME:NaAlBiu cm2 ohm"1 eq"1 _g/ml millipoise
0.10 1.01+7 0.7773 21+.0
0.18 2 .1 7 3 0.7792 1 9 .6
0.30 U .138 0 .7 8 1 1 17.5
0 .3 1 1*.1*23 0 .7 8 2 2 17.0
O.M 6 .7 6 3 0.7793 1 5 .2
0.1*6 7 .7 9 7 0.7793 11* .9
0 .5 0 8 .7 0 9 O.78O5 11*.2
0 .5 6 9 .9 8 9 0.7801 13.8
0 .6 1 10.1*3 0.7793 1 3 .8
0.66 11 .35 0 .7 8 0 6
O .71 1 1 .7 3 0.7805 13.9
0.75 1 2 .3 3 0.7817
0.80 15 .67 0.7823 13.9
0 .9I* Two Phases
FIGURE 6
EQUIVALENT CONDUCTANCE OF NaAlBu, IN CYCLOHEXANE-DME MIXTURES4







0 0.2 0.8 1.00.4 0.6 1.2 U
R a t i o  D M E ; N a A I B u4
Concentration NaAlBu^* ■ - 0.05177 Mf • - 0.1031 M
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FIGURE 7
EQUIVALENT CONDUCTANCE CP NaAlBu^ IN CTCLOHEXANE-DME MIXTURES 
AS A FUNCTION OF THE MOLE RATIO DME:NaAlBu.
0.60.2 0.8 1.40 0.4 IjO 1.2
R a t i o  D M E : N a A l B u4
Concentration NaAlBu. - 0.2017 M4
increasing salt concentration, the drop in conductance following the 
initial peak value tends to disappear until at some concentration 
between 0.1051 M and 0.2017 M only one inflection point occurs.
Significant differences are to be noted between the THF 
and DME systems which may be due to the greater solvating power of 
DUE. The initial peak conductance at concentrations of 0.05177 M And 
O.IOJI M salt occurs at a mole ratio of about 0.5:1 Instead of 1:1 
implying only one-half of the Na ions are involved as conducting 
species. This implication may indicate an equilibrium Involving the 
formation of a triple ion such as:
This dissociation of the ion aggregate, as was pointed out for the 
case of THF, may be promoted by direct reaction between the ion ag-
After the 0.5:1 mole ratio a second molecule of DME might add to
Both types of ions would be expected, as a result of decreased
[NaAl(n-butyl)4]2 ■ Na* + Na^l(n-butyl)4 ] 2
gregate and DME or by complexation of the free Na* ion with DME.
With DME an equilibrium involving both the monodentate 
complexed Na ion and the bidentate complexed ion may occur:
these complex ions. A 'two-coordinated Ion may then exist in equili­
brium with a four-coordinated ion
mobility, to decrease the equivalent conductance. Formation o£ 
bridged species from the reaction of the monodentate Na(DME)2+ ion 
with a Na^l(n~butyl)4 ]2~ triple ion could also occur.rNa,. + Na[Al(n-butyl)4 ] 2
I  < u a l
r / r ° s  t i+■ Na ^**a **■ ^ Alfn-butyl)*
L J
■H'The bridged ion, [Na2(DME)2] , could form ion aggregates so stable
that another molecule of DME would not add until the characteristics 
of the solvent system are significantly changed by the addition of a 
large excess of DME. This new species because of a greater ion size, 
decreased mobility, and greater tendency to form ion aggregates would, 
compared with [Na(DME)2]+ contribute to a further decrease in con­
ductance and might be responsible for the formation of two inaniscible 
liquid phases. These studies do not offer significant proof for the 
proposed mechanism. Trigg's suggestion of the existence of a triple 
ion of the type -+- may be indicated, 34
Comparison of Figures 6 and 7 show that a significant dif­
ference In the ionic species present in solution exists between the 
0.5:1 and 0.8:1 mole ratios at high salt concentrations. For THF the 
change in shape in the conductance curve at these higher concentra­
tions was ascribed to that of a different conductance mechanism. The 
inflection point in Figure 7 may indicate the same occurrance for the 
DME system.
An alternative explanation is that a two-phase system might 
begin to form after the 0 .5:1 mole ratio and not be detected visually. 
The appearance of two phases in these solutions is easily detected by 
the appearance of two types of DME in the NMR spectrum. Since con­
ductance measurements were determined at 25° C and NMR spectra were 
obtained at 36° C, it is possible that an immiscible system at 25° C 
might be misclble at the higher temperature. This, however, is un­
likely in the light of the conductance curve for the 0.2017 M solu­
tion of NaAl(n-butyl)4. At this higher concentration, the formation 
of two phases would be expected to be more likely than in the other 
instances. Yet the conductance is observed to continue to increase 
after the 0.5:1 ratio of DME to NaAl(n-butyl)4 . Nevertheless, addi­
tional NMR studies of this system need to be made at lower tempera­
tures to eliminate this possibility. At 52° C two phases were not 
observed in 0.2017 M NaAl(n-butyl)4 solutions containing ratios of 
DME to salt greater than 0.65 and less than 1.10. At 25° C two im­
miscible liquid phases were clearly visible.
At salt concentrations of 0.05177 M and 0.1031 M, two 
liquid phases begin to form past the 1:1 mole ratio value. Homo­
geneity can be achieved for low mole ratio solutions by raising the 
temperature of the solution. Prolonged heating at J Q ° C of a solu­
tion containing DME and salt at a 10:1 mole ratio does not yield a 
homogeneous solution* Two phases occur up to a 10:1 mole ratio in 
0.1031 M solutions. This ratio was the highest which was prepared.
h6
Again, if the possibility of an unobserved two-phase system 
Is considered, the.rise in the equivalent conductance of the 0.1031 M 
conductance curve at 1:1 may not be real. Analogy with the study 
made for0.209U M NaAl(n-butyl)4 solutions in THF-cyclohexane as well 
as the measurements in DME solutions presented in Table 3 indicate 
that misclbllity will be achieved at higher mole ratios and the 
equivalent conductance will again rise rapidly. With the 0.2017 M 
salt system, two phases occur at lower DME:salt ratios than with 
those at lower concentrations.
Nuclear magnetic resonance data Indicate the existence of 
NaAl(n-butyl)4 , DME, and cyclohexane in both phases of the two-phase 
systems. In the denser phase, the concentration of both the DME and 
the NaAl(n-butyl)4 are greater than in the cyclohexane phase.
2. Viscosity
Viscosity trends are similar to those for the THF solutions. 
A rapid decrease in viscosity occurs before the 0.3:1 mole ratio of 
solvent to salt followed by a leveling off to a constant value.
These trends can be explained in the same way as those for the THF 
solutions. Up to 0.3:1 ratios the viscosity will decrease due to a 
dissociation of the ion aggregate caused by the formation of a stable 
complex. At mole ratios past this value, the long range Coulombic 
forces between ions, being the most Important factor contributing to 
the viscosity, remain relatively constant until the formation of two 
immiscible solutions at about 1:1 mole ratios.
TABLE 5
EFFECT OF CONCENTRATION ON THE EQUIVALENT CONDUCTANCES, 









0.0^202 18.17 0.8633 ^ *57
0.1035 21.58 0.863^ !+.90
0.2018 25.99 0.8657 6.59
. _  b8
+ +5. Comparison of Ion-solvent Interaction: Na -DME and Na -THF
Similarities in physical properties (density, dielectric 
constant, viscosity, etc.) between DME and THF would tend to support 
the belief that similar equilibria and mechanisms occur in each 
system with differences attributed to the different solvating power 
of the two ethers.
Studies with aryl anions, i*e., fluorenyl and dibutyl- 
naphthalate, show that the solvation of the Na* ion by THF results 
in a temperature dependent equilibrium between solvent separated ion 
pairs and contact ion pairs. 14»1 7 »20»26 Only solvent separated ion 
pairs are formed with DME. At 25° C the equilibrium in the Na*-THF 
system is to the side of the contact ion pair. For fluorenylsodium 
at these conditions, the fraction of solvent separated ion pairs is 
0.05. 14 The relative distribution between solvent separated ion 
pairs and contact ion pairs primarily depends on the basicity of the 
coordinating agent, but it also must depend to some extent on the 
basicity of the anion. These results might again be applied to the 
behavior of ion aggregates in the salt concentration range of
0.05-0.20 M. The major portion of the research reported in this 
Dissertation was made at these concentrations.
Even though the type of aggregate of NaAl(n-butyl)4 
existing in cyclohexane is unknown, conductance studies of solutions 
of this salt in cyclohexane show the formation of stable complexes
O. J,
between THF and the Na ion and DME and the Na ion. In both
Instances the conductance of the solution at this point is signifi­
cantly greater than that of the cyclohexane-salt solution. The ori­
ginal ion aggregate appears to have dissociated into a less complex 
ionic conducting species. Thus, it may be concluded that solvent 
separated ion pairs may exist as a principal species in solutions of 
NaAl(n-butyl)4 in cyclohexane-THF solvent systems since the Al(n- 
butyl)4* Ion is expected to be less basic than the aryl anions which 
were previously mentioned. As a result of this difference in base 
strength, a solvent separated ion pair containing the Al(n-butyl)4” 
ion should generally dissociate to a greater extent and be more re­
active than a solvent separated Ion pair containing an aryl anion.
Since the stable complex formed between DME and the Na ion
occurs at a mole ratio of 0*5:1, the prediction of a major species
present in solution at this point is subject to speculation. Hogen-
Esch and Smid established the fact that a complexation between
contact ion pairs and THF and DME can occur.17 A similar type of
reaction between the coordinating solvent and the ion aggregate might
*
occur. Dissociation of the solvated ion aggregate could produce a 
NaDME+ ion and a triple ion. However, the higher concentration of 
salt used in this system and the use of a non-interacting solvent of 
low dielectric constant should lead to a cautious application of the 
conclusions determined for ion pairs to our systems. The theories of 
Fuoss and Kraus43 and the recent work of Trigg34 would Indicate that 
triple ions can possibly be present at the concentrations used in 
these studies.
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For the less concentrated NaAl(n-butyl)4 solutions in 
cyclohexane at 0 .05ITT M and 0 .1031 M, the viscosities following the 
peak conductance value are about the sane for both the THF and DME 
solutions. This may indicate the presence of similar types of parti* 
cles in both systems. If the proposal is true, then the major species 
existing at the 0.5:1 mole ratio may be NaDME and a triple anion. 
Studies designed to investigate the existence of the triple ion in 
these solutions as well as in the THF solutions would be helpful in 
describing the interaction of the electrolyte with the solvent in 
these systems.
For 0.05 M NaAl(n-butyl) 4 solutions, the peak conductance 
in DME-cyclohexane solutions (DME:salt “ 0.5:1) is approximately 
three times that of the subsequent minimum value, while this factor 
for THF (THF:salt ■ 1:1) is about 15. Conductance values for com­
parable ratios and salt concentrations with DME are about three times 
those for similar THF solutions.
Two immiscible liquid phases begin to occur with the Na 
ion-DME systems at lower solvent:salt mole ratios than with the Na 
lon-THF systems. The appearance of a single Inflection point in the 
conductance curve also occurs at a lower salt concentration with DME 
added as a coordinating solvent. These results can be attributed to 
the greater solvating power of DME as compared with THF.
E. Complexation with Weak Bases
Studies of the complexation of the Na Ion with weak bases 
In solvents of low dielectric constant have not been practical be­
cause of the low solubility of suitable sodium salts In these sol­
vents. In systems where significant solubility occurs, the basic 
nature of the solvent complicates the problem by itself interacting 
with the Na ion. Thus the solubility of NaAl(n-butyl)4 In cyclo­
hexane, a non-interacting solvent, provides a unique system for 
studies of this type.
1. Benzene
Table 6 and Figure 8 present data for NaAl(n-butyl)4- 
benzene-cyclohexane solutions. The conductance is seen to increase 
with Increasing mole ratio of benzene to salt with no inflection 
points observed at any of the salt concentrations studied. Visco­
sity changes are small with increasing amounts of benzene added in 
contrast to the rapid changes observed for THF and DME. Nuclear 
magnetic resonance spectra show no interaction between cyclohexane 
and benzene. 37 In addition, no significant chemical shift in the 
protons of benzene in cyclohexane-NaAl(n-butyl)4 solutions are ob­
served in the concentration range which was studied. Therefore, it 
can be concluded that no specific interaction between the Na+ ion 
and benzene molecules occurs.
At higher mole ratios of benzene to salt, a two-phase 
system consisting of white needle-llka crystals and a clear solution
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TABLE 6
EFFECT OF BENZENE ON THE EQUIVALENT CONDUCTANCES,
DENSITIES, AND VISCOSITIES OF NaAlBu*-CYCLOHEXANE SOLUTIONS
Ratio 103 A Density Viscosit;
Benzene :NaAlBtu cm2 ohm"1 eq"1 g/ml millipois
0 .0 0 0 .1+1U6 0.771*0 ll*.l
0.71 O .5883 0.771*1 1 5 .0
1 .00 0 .5 0 2 8 0.7752 15.5
1 .7 0 0.61*88 0.7759 11* .5
2.71 O.750I+ 0 .7 7 6 0 11* .2
5.67 0.81*98 0.771*7 1 2 .8
6 .0 2 1 .1 0 0 0.7770 1 2 .1
0 ,0 0 0.2798 0.7759 2 3 .8
0.27 0.3711+
0.51 O.U67I* 0.7759 23.3
0.73 O.562I* 0.7766 2 2 .9
1 .0 1 0 .6 7 2 2 0.7759 2 0 .6
1 .2 6 0.7255 0.771*9 23.9
1.1*8 0 .8 3 8 0 0.7761 2 2 .6
1.73 0 .91*3!* 0 .7 7 6 2 2 1 .6
2 .0 1 1.023 0.7777 21.9
2 .2 5 1.111+ 0.7760 2 2 .8
2 .1+8 1.225 0.7773 2 2 .3
2.75 1.279 0.7773 21.7
3 .0 1 1.1*1*2
3.36 1.1*97 0.7771+ 2 1 .6
1+.01 1.758 0.7769 2 0 .8
1+.1+9 1.923 0.7796 2 0 .1
5 .0 1 2 .281* 0.7779 19.5
6 .0 3 2 .6 6 0 0.7803 19.0
0 .0 0 0.2651* 0 .7 7 8 6 3 6 .2
0 .31+ 0.5215 0.7778 36.1*
o.er 0.7718 0.7781+ 35.6
1 .01 1 .0 8 2 0.7797 3^.5
1 .5 0 1.383 0.7797 3 2 .2
1 .7 0 1.598 0 .7 8 1 5 • 33.1*
2 .0 2 1 .960 0 .7 8 1 7 31.5












103 a Density Viscosity
cm2 ohm"1 eq"1 S/ml . millipoise





4.0 66 0.7840 27.5
4.704 0.7848 26 .8
4.799 0.7866 25.5
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Ratio B enzene: NaAIBu4
Concentration NaAlBu^t A  - 0.04776 M,
• - 0.2023 M
- 0.1032 M,
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begins to form slowly at temperatures between 25° C and 33° C. A 
day after preparation of this solution, the yield of white crystals 
has Increased noticeably. This precipitate can be filtered in the 
nitrogen dry box, dried under a nitrogen atmosphere, and is apparently 
unreactive with small amounts of oxygen or moisture. It is readily 
soluble in THF and Insoluble In benzene at temperatures up to 60° C. 
Solubility does not appear to Increase with temperature. Benzene can 
react with NaAlEt* in the presence of sodium alkoxides to form sodium 
tetraphenylsluminate at elevated temperatures.47*48
NaAlEt* + If CqHq N*0R NaAlPh* + k C2H<j 
This reaction might occur with NaAlCn-butyl)*. Investigation of 
this possibility should be pursued.
2. Toluene
Analogous studies with toluene were also made, and con- 
ductance and NMR measurements indicate no interaction with the Na 
ion at a salt concentration of 0.199^ M in cyclohexane. The results 
of this study are presented in Table 7 And Figure 9* Similar types 
of behavior are expected to be exhibited by benzene and toluene.
Measurements were made within a 36-hour period with care 
taken to insure that the nitrogen dry box was free from traces of 
moisture, oxygen, and ether vapors. A sample of freshly prepared 
salt was used to be certain of the absence of trace amounts of al­
koxides. These precautions were taken to decrease the possibility
56
TABLE 7
EFFECT OF TOLUENE ON THE EQUIVALENT CONDUCTANCES»
DENSITIES, AND VISCOSITIES OF NaAlBu*-CYCLOHEXANE SOLUTIONS
Ratio 10* A Density Viscosity
Toluene :NaAlBiu cm* ohm"1 eq"a g/ml mllllpolse
0.00 0.03530 0.7809 43.5
0.34 0.09386 0.7791 39.3
0.67 0.1493 0.7800 3 6 .6
1.00 0.2177 0.7818
1.34 0 .2676 0.7812 34.2
1.67 0.3488 0.7818 33.1
2.01 0.4168 0.7817 32.3
2.34 0 .5002 0 .7836 3 0 .2
2.67 0.5955 0.7839 28 .9
3.00 0 .7098 0.7839
3*34 0.7789 0.7845 27.2
5.70 0 .8923 0.7844 2 6 .2
4.00 0.9769 0.7868 24.9
4.34 1.103 O .7863 23 .8
4.67 1.260 0.7877 22.8
5.00 1.337 O .7863 22.6
6.01 1.740 0.7893 20.8
8.00 2.763 0.7921 17.8
10.00 3.962 0.7959 15 .2
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Ratio Toluene : NaAIBu4
Conoantration VaAlBu^ - 0.1994 M
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of substitution of butyl groups in the Al(n-butyl)4* ion by tolyl 
groups* Solid particles were not observed in the toluene solutions 
upon storage for several days in sealed volumetric flasks. Toluene, 
as expected, Is less reactive than bensene in the replacement of the 
alkyl groups In the Al(n-butyl)4” ion*
The steeper slope of the conductance curve for the toluene 
solutions as compared with the slope for the bensene solutions at a 
similar salt concentration results from a greater change in viscosity 
over the mole ratio range studied.
3. Triethylamine
Nuclear magnetic resonance studies by Schaschel and Day21 
have shown that trlethylamine forms a much weaker complex with the 
Na+ ion than does THF in solutions of NaAl(n-butyl)4 In cyclohexane. 
The conductance study presented in Table 8 and Figure 10 supports 
this conclusion. While this study was not extensive, it shows that 
only a very weak complex of trlethylamine with the Na ion is formed 
since measurements extending to the pure trlethylamine solution show 
little change in equivalent conductance.
F. Dielectric Constant and lon-solvent Interaction
The conductance curves of the NaAl(n-butyl)4-THF-cyclohexane 
system (Figure 2) for the low salt concentrations can be interpreted 
in a manner indicating the possibility of distinguishing between a 
specific ion-solvent effect and a solvent dielectric constant effect.
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TABLE 8
EFFECT OF TRIETHYLAMINE ON THE EQUIVALENT CONDUCTANCES
OF NaAlBti4 -CYCLOHEXANE SOLUTIONS
Ratio 10s A
TEA:NaAlBiu cma ohm"1 eg"1










EQUIVALENT CONDUCTANCE OF NaAlBu^ IN CYCLOHEXANE-TRIETHYLAMINE







R at i o  T E A = N a A I B u4
Conoentra-tion NaAlBu. - 0.2684 M4
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At 25° C the dielectric constant of THF Is 7*39 *nd that of 
cyclohexane Is 2*01. Addition of THF Is expected to Increase the 
solvent dielectric constant. However, the stability of the 1:1 
complex leads to the assumption that no free THF exists up to a 1:1 
ratio. The Increase in equivalent conductance up to this point can 
not be attributed to an Increase In the solvent dielectric constant.
It appears to result from the formation of the stable 1:1 complex 
between the Nâ * ion and THF.
Qualitatively ion-solvent Interaction may be Interpreted 
in terms of an ion sise effect. The stability of the ion aggregate 
will decrease with an Increase in the effective cation sise. This 
results in an increase in the number of charge carriers. Further 
complexation, however, leads to a decrease in cation mobility. The 
conductance behavior prior to the 4:1 mole ratio can then be con­
sidered in terms of ion size rather than the solvent dielectric con­
stant since the amounts of free THF expected to be present will in­
significantly affect the bulk dielectric constant of the solvent. The 
increase in equivalent conductance at approxiisately the 4:1 mole ratio 
may be attributed to an increase in the solvent dielectric constant.
In this region the separation of the effects of Ion sise and dielactrlc 
constant is not possible without a similar study as a function of 
cation size using sufficiently large cations so that ion-solvent 
interaction can be neglected.
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